Background: The clinical dehydration scale (CDS) is a quick, easy-to-use tool with 4 clinical items and a score of 1-8 that serves to classify dehydration in children with gastroenteritis as no, some or moderate/severe dehydration. Studies validating the CDS (Friedman JN) with a comparison group remain elusive. We hypothesized that the CDS correlates with a wide spectrum of established markers of dehydration, making it an appropriate and easy-to-use clinical tool.
Background
Dehydration associated with gastroenteritis represents one of the leading causes of admission and morbidity in the pediatric emergency department (ED) [1] . It is also the most common cause of electrolyte abnormalities in children presenting at the ED [1, 2] . In Canada, acute gastroenteritis accounts for 240,000 annual pediatric visits to the ED [3] , while globally, diarrheal disease is responsible for approximately 10% of deaths in children under 5 years of age [4] . Considering its extensive global impact, it is not surprising that there are several serious complications associated with severe dehydration including hypo-volemic shock, pre-renal acute kidney injury, and acute tubular necrosis. Clinicians must determine whether patients only need to be rehydrated or whether they face more substantial morbidity, which can be challenging. Consequently, there has been considerable interest in developing a simple, non-invasive tool for measuring the severity of dehydration in children. Although previous studies have attempted to validate markers of dehydration by assessing the severity of dehydration using serial measurements of patient body weight [5, 6] , serial weights in sick and dehydrated children may be unreliable due to a number of factors that are not related to the severity of their illness. The clinical dehydration scale (CDS, Table 1 ) has been developed to meet this important objective [7, 8] . The CDS combines scores of general appearance, eyes, mucous membranes, and tears. Use of the CDS has increased and it has been validated in 3 prospective studies, including one in the original ED [7] , in a different Canadian pediatric ED [9] , and in a multicenter trial at 3 Canadian EDs [10] .
Following the development of the scale in 2004, Goldman et al., the originators of the scale, were first to attempt to validate the scale in a paper published in 2008 [7] . Their prospective observational study consisted of 205 children between 1 month and 5 years of age with suspected acute gastroenteritis. Since the original scale was developed using children 1-36 months of age, the aim of this study was to test this scale in a new cohort of children. Although the investigators found the dehydration categories of the scale to have a statistically significant correlation with length of stay (LOS) from time of arrival in triage and intravenous (i.v.) fluid rehydration, this study had numerous limitations: (i) it was only conducted in one center; (ii) it had a small number of children with moderate/severe dehydration; (iii) using LOS as an endpoint is questionable because LOS is multifactorial; (iv) staff may have changed their practices because of the study (Hawthorne effect), and, most importantly; (v) only a small number of the study population had blood tests performed, so the team could not validate their hypothesis that the dehydration categories positively correlated with abnormal serum pH values or bicarbonate levels (a primary outcome of the study). They indicated that future research is needed to provide information on this hypothesis.
A second study attempting to validate the CDS in a different emergency department was published in June of 2010 [9] . With 150 patients from 1 month to 5 years of age diagnosed with gastroenteritis, enteritis, or gastritis, the primary outcome of this study was LOS after being seen by the attending physician and the perceived need for IV fluid administration. Although serum bicarbonate and CO 2 were measured, this was one of several secondary outcomes. Here, the correlation was statistically significant between the CDS and LOS from seeing the physician, perceived need for IV rehydration, and utilization of laboratory blood tests. Measured serum bicarbonate and CO 2 were not found to significantly vary between the categories. Once again, this study had multiple limitations, the most important being that LOS is multifactorial, and although this was measured from the time the patient saw the physician, confounding factors may have still played a role.
Last, Gravel et al. [10] performed a multicenter validation of the CDS, published a few months later in October 2010. 264 children between the ages of 1 month and 5 years were recruited at 3 Canadian centers, presenting for acute vomiting and/or diarrhea. The primary outcome of this study was percent dehydration (difference in weight), while secondary outcomes included proportion of blood test measurements, IV use, hospitalization, and inter-rater agreement. This study found a statistically significant correlation between the CDS and percent dehydration (by weight), number of blood test measurements, IV rehydration use, hospitalization, and abnormal plasma bicarbonate. This study was limited in that it did not exclusively include patients with a gastroenteritis diagnosis, though a subgroup analysis was performed producing similar results, and the primary outcome could not be measured in 45 (17%) of patients. Finally, the use of percent dehydration is limited by certain confounders.
Although these studies have further validated this measure of dehydration, the primary outcome has differed in each study and all possess limitations (particularly LOS), none have employed the use of a comparison group (all 3 studies used a CDS score of 0 -"no dehydration" -for baseline measurements rather than a separate, non-dehydrated group), nor have they included a wide array of surrogate markers. The limitations of the preceding studies suggest the need for additional tests of validity for the CDS using other clinical markers. We prospectively compared several established and novel markers of dehydration in two cohorts of children: a gastroenteritis group with dehydration and a comparison group without dehydration. Measuring the biomarkers in a comparison group provided baseline values and allowed us to validate the biomarkers in a healthy population prior to validating them in the dehydration cohort. The comparison group was comprised of patients with minor musculoskeletal injuries who were otherwise well and who required intravenous access for procedural treatment. We intended to validate the CDS by testing whether it correlates with certain factors, including bicarbonate, sodium, and others, and confirming its superiority to clinical impression.
Methods
This study was designed as a case comparison trial and was registered at ClinicalTrials.gov (NCT00462527). It was conducted in a single center tertiary care pediatric emergency setting in Eastern Ontario. The study was supported through a grant to RT and GF from the Physicians' Services Incorporated Foundation. Data used for this study was originally collected during a trial devised to examine the role of cystatin C as a biomarker of renal dysfunction in children with dehydration. Results were obtained from a secondary analysis of this data. A dedicated research nurse screened patients for eligibility. All children presenting with vomiting, diarrhea, and dehydration who required laboratory testing as part of their medical care as decided by the most responsible physician (MRP, n = 17) were eligible for the experimental group. The comparison group comprised all children treated for musculoskeletal injury in the emergency department who required an intravenous line for conscious sedation or fracture reduction. Patients previously diagnosed with kidney disease, thyroid disease or chronic steroid use, who had undergone prior treatment for the same illness, or who chose not to participate in the study were excluded. Also excluded were patients with a head injury or abdominal (especially renal) trauma since this could affect their sodium handling or their tubular function.
The patient chart was used to obtain clinical, anthropometric, and demographic data, as described below. All serum tests were performed at intravenous needling. Urine tests were carried out on the earliest available urine from the patient and acquired either with a mid-stream voiding sample or a urine bag. The clinical definition for dehydration is the loss of body water, with or without salt, at a rate greater than the body can replace it; it is diagnosed through laboratory testing and clinical assessment. As there is no single standardized laboratory marker or laboratory score, we used a validated clinical scoring system. The attending MRP conducted scoring for the CDS [7, 8] . The CDS consists of 4 clinical signs (general appearance, eyes, mucous membranes, and tears) individually scored between 0 and 2 for a total possible score out of 8. Each clinical sign of the CDS was chosen based on the results of a formal measurement methodology that assessed validity, reliability, discriminatory power, and responsiveness to clinical change, as published by Friedman et al [8] . All tests and measurements were obtained with the assistance of the dedicated research nurse. Inter-and intra-observer error was not assessed as there were no discrepancies between the rater assessments and independent assessments of the dedicated research nurse. The MRP was also asked to assess the degree of dehydration based on a scale of hydrated, mild, moderate and severe dehydration using his or her own clinical experience. These categories roughly reflected the level of dehydration according to body weight (5%, 10% or 15% respectively for younger than 2 years old or 3%, 6% or 9% for older than 2 years old). Following this procedure, the patient continued to receive treatment independent of the study and care was directed by the MRP.
Clinical data recorded included: gender, age, length of illness, duration of oligo-/anuria, date of admission to hospital, final discharge diagnosis, and need for dialysis. Anthropometric measurements were obtained as a part of routine clinical practices and included height and weight (measured using a high-precision industrial scale [Scale-Tronix scales 6002 for wheelchair patients, 4802 for infants and 5002 otherwise, Scale-Tronix, Wheaton, Illinois, USA]). Blood pressure measurements were taken sporadically using a standardized protocol employing automated oscillometric blood pressure machines (patient seated, calm, second of two measurements performed 5 minutes apart with either Walch Allyn Spot Vital Signs LXi [Walch Allyn, Skaneateles Falls, New York, USA], or Dinamap Pro 100, Pro 300 and Dinamap XL Vital Signs Monitor, [Criticon, Tampa, Florida, USA]). Additional laboratory data included serum and urine electrolytes, urea, serum bicarbonate and creatinine (Ortho Clinical Diagnostics), osmolality (Advanced Instruments), urine alpha-1 microglobulin (a low molecular weight protein) and urine microalbumin (Beckman-Coulter), and serum cystatin C (Dade-Behring).
Calculations and statistical analysis
Glomerular filtration rate was calculated using the serum creatinine formula published by Schwartz [11] and the cystatin C formula published by Filler [12] . Fractional excretion of sodium (FeNa) and urea (FeUrea) were calculated using the following standard formula:
The ratio urine Na/K was calculated using the following standard formula:
Percent dehydration was calculated using:
final weight−initial weight final weight Â 100
Weight and blood pressure z-scores were calculated using the methodology provided by the Centers for Disease Control (CDC) website, with age and gender matched controls taken from the National Centre for Health Statistics (USA) using the published Box Cox transformations [13] [14] [15] [16] Mariakerke, Belgium) statistical packages were used for statistical analysis. Contiguous data were analyzed for normal distribution using the ShapiroWilk normality test. Mean and standard deviation were reported for normally distributed data; otherwise, median and quartiles were given. Comparisons were first made between cohorts to identify statistically significant biochemical and physical markers of dehydration. All statistically significant markers were then compared with receiver operating characteristic (ROC) curves to determine the marker with the highest sensitivity and specificity for the binary outcome of the presence or absence of dehydration as per the initial screening. Data collected from the comparison group served as the gold standard in relation to the dehydration group. Any area under the curve (AUC) greater than 0.8 was considered significant. Next, markers of dehydration and CDS were compared using linear and non-linear correlation curves. A two-tailed p value of 0.05 was considered significant where applicable. No adjustment was made for missing data.
Results

patients were approached between May 2007 and
April 2008 to participate in the study. Fourteen patients could not be enrolled for various reasons (seven did not meet the criteria, six were missing assent/consent, and one withdrew early into the study), leaving 216 patients. Seventy-three children were enrolled in the dehydration group. Thirty-six patients were male (49.3%) with a median age of 32.5 months (range 3.3 to 214 months). Additionally, 143 patients (105 male children, 73%) were enrolled in the comparison group with a median age of 96 months (range 2.6 to 214 months) (Figure 1 ).
Complete data were available for hydration assessment, clinical hydration score, pre-hydration weight, and serum sodium, potassium, and chloride. Nearly complete data (<5% missing) were available for pre-hydration blood pressure, blood urea, and serum bicarbonate, creatinine, osmolality, albumin, and cystatin C. Post-hydration blood pressure and post-hydration weight was available for 90% of patients, while urine tests were available for 88% of patients. In total, 90.22% of data were complete. The most common cause of dehydration was viral gastroenteritis (n = 59, 80.8%). Other causes included pneumonia (n = 1), appendicitis (n = 2), cellulitis (n = 1), hemolytic uremic syndrome (not oliguric, n = 1), and unspecified (n = 9). Importantly, other than viral gastroenteritis, the patients were not diagnosed when they were screened and clinically, they all appeared as dehydrated patients. Patients in the comparison group requiring conscious sedation were most commonly diagnosed with fractures (n = 129).
Patient evaluations yielded the following dehydration scores: none to mild (Friedman CDS 0-1): 13; mild to moderate (Friedman CDS 2-3): 27; moderate (Friedman CDS 5-6): 27; and severe (Friedman CDS 7-8): 6. Following assessment, it was determined that all patients in the comparison group were hydrated. The median CDS score in the dehydration group was 3 (range 0 to 8). Every patient in the comparison group scored 0 on the same scale. There was a close correlation between the dehydration score of the MRP (median 3, range 1-4) and the CDS (r = 0.60, p < 0.0001). Given that the median clinical impression MRP score of 3 was at the higher end of the scales whereas the median CDS score of 3 was at the relatively milder end of the dehydration spectrum, clinicians' impressions appear to overestimate the degree of dehydration.
As expected, patients in the dehydrated group were more tachycardic and had an elevated diastolic z-score when compared with the comparison group, although this did not reach statistical significance. Following treatment, systolic, diastolic and heart rate z-scores declined in the dehydrated group in response to fluid treatment (two-tailed paired t-test p = 0.04, p < 0.0001, and p < 0.0001, respectively). Results are summarized in Table 2 . Of note, there were missing values for the post-rehydration weights. Only 43 patients in the dehydration group and 103 patients in the comparison group had both a pre-and posthydration weight. Weight z-score was normally distributed. The mean weight z-score prior to rehydration (0.271 ± 1/ 25) and the post-hydration z-score (0.154 ± 1/511, n = 43, p = 0.4355, paired t-test) were not significantly different in the dehydration group, while the pre-intervention weight (0.445 ± 0.951) and the post-intervention weight z-score (0.435 ± 1.098, n = 103, p = 0.8567, paired t-test) were not significantly different in the comparison group. There was also no significant difference in the weight z-score between both groups (p = 0.360 and 0.212 for the pre-and postintervention weight z-scores, respectively).
As hypothesized, urine Na/K ratio (p < 0.0001), urine Na (p < 0.0001), FeNa (p < 0.0001), blood urea (p = 0.01), and serum bicarbonate (p < 0.0001) and creatinine (p = 0) were all significantly different between both groups (Table 3) . Serum cystatin C (p = 0.58),% dehydration by body weight (p = 0.61), FeUrea (p = 0.66), urine osmolality (p = 0.2), and serum osmolality (p = 0.11) did not reach statistical significance. Both the urinary microalbumin (p < 0.0001) and urinary alpha-1 microglobulin (p < 0.001) also reached a high statistical significance level.
We performed ROC analysis to compare sensitivity and 1-specificity between both groups. The binary outcome of interest for the ROC analysis was the presence of absence of dehydration per initial screening. Serum bicarbonate recorded the highest AUC (0.821 95% confidence interval 0.79 to 0.92, Figure 2 ). Urine Na of less than 90 mmol/L had a sensitivity of 75% and specificity of 74% (p = 0.0001) and serum bicarbonate of less than 21 had a sensitivity of 90% and a specificity of 62% for dehydration in children with diarrhea and/or vomiting (p = 0.001).
To validate the CDS, we performed correlation analysis. There was a significant negative correlation between serum bicarbonate and the severity of CDS and hydration assessment (Figure 3) . A CDS score of 2 or greater was roughly associated with a serum bicarbonate of 21 mmol/L or less. None of the other biochemical or physical markers of hydration correlated with the CDS.
Ten patients in the dehydration group were admitted to receive ongoing treatment. Their CDS ranged from 0 to 6. Although statistical analysis was not performed on this small cohort, there was no apparent relationship between the severity of CDS and whether patients were admitted to hospital or discharged from the emergency department. One patient in the dehydration group suffered from hemolytic uremic syndrome and required acute dialysis for 3 days. This patient scored a 5 on the CDS.
Discussion
Since there is considerable uncertainty in this area, assessing a dehydrated patient and accurately determining the severity of his or her dehydration remains a challenge in the pediatric emergency department. The current study represents the first attempt to independently assess the diagnostic performance of established biochemical surrogate markers of dehydration such as fractional excretion of sodium or urine Na/K ratio against the Friedman CDS. The CDS was developed using percent dehydration based on measured weights and was validated against three criteria: LOS in hospital, the need for intravenous rehydration and serum bicarbonate [7, 8] . As discussed in their report, both LOS and the need for intravenous rehydration are subjective parameters influenced by a number of factors including the severity of the patient's illness. For example, LOS may be affected by bed access, local practices, family preference, and the demands of the nursing resources in the emergency department, while physician seniority and training and the need to manage emergency space quickly and efficiently often influence decisions related to intravenous treatment. Furthermore, concrete laboratory parameters such as serum bicarbonate have been linked to the severity of dehydration [2] . Vega et al. have demonstrated that in addition to serum urea increasing, serum bicarbonate declines with increasing percentage of lost body weight [6] . The current study also confirmed more urea in our patients, although the degree of change was modest and not clinically significant. Surprisingly, the present study did not demonstrate a significant association between the fractional urea excretion [23] that is rarely studied in children in this setting. This study points to an association between serum bicarbonate and a patient's score on the dehydration scale, thereby indirectly validating the CDS. This result is supported by Gravel et al. [10] , although findings comparing the CDS and serum bicarbonate have been inconsistent [7, 9] . Serum bicarbonate was shown to have the highest sensitivity and specificity to predict dehydration. In contrast, we found no relationship between hospital admission rate and CDS score, most likely because hospital admissions reflect a number of factors beyond the severity of illness on presentation. For example, the ability to provide adequate follow-up care, the patient's proximity to the hospital, and response to treatment also influence hospitalization. Other measurable outcomes such as acute kidney injury, assessed using RIFLE criteria [24] , occurred only once and were too infrequent to analyze.
The present study examines two components not previously addressed in current literature. First, our selection criteria biased our dehydration group to children with more severe disease. By limiting our recruitment strategy to only include patients who required intravenous needling, we anticipated greater differences between the dehydration and comparison groups and an increase in the likelihood of complications associated with dehydration. This also strengthened the utility of the results of the laboratory tests, since they are more likely to be helpful in determining hydration when results are markedly abnormal [25] . Second, we included a hydrated cohort to strengthen our analysis. Although age and gender differed between the two cohorts, it is important to note that even though the CDS measure was originally developed for use in children <3 years of age, that same center conducted a validation study in children 1 month to 5 years old and subsequent validation studies have included children up to 5 years of age [7, 9, 10] , suggesting the usefulness of the scale in children up to 5 years of age. We also accounted for age bias by using age-and gender-independent z-scores.
In total, six biochemical and two clinical parameters distinguished dehydrated patients from the comparison group. As expected, these included: diastolic blood pressure z-score, heart rate z-score, urine Na/K ratio, urine Na, FeNA, blood urea and serum bicarbonate and creatinine. It should be noted that the urea differences, albeit significant, were not clinically relevant. Unforeseen, however, were the categories that did not identify children with dehydration. These included percent dehydration and urine osmolality. Numerous studies have used percent dehydration as a gold standard to quantify the degree of dehydration in a child [5, 26] , Unfortunately, despite the assistance of trained and dedicated research nurses to perform and ensure adequate and consistent weight measurement prior to and following treatment, the difference in percent dehydration did not reach statistical significance. This further supports the subjectivity of this parameter despite employing specific training. Furthermore, other factors that contribute to weight gain or loss during an acute illness episode may have influenced these findings, including the amount of rehydration, decreased intake, ongoing oral/rectal and urinary losses, increased insensible losses and an increased catabolic rate. Additionally, intravascular volume may be the most important factor in complications associated with dehydration such as hypo-volemic shock or acute kidney injury. Severe dehydration requires prompt restoration of intravascular volume through intravenous administration of fluids followed by oral rehydration therapy [27] . Body water movement from compartment to compartment during any time period can be attributed to forces active within and upon each space. These forces lead to water transfer between intravascular and extravascular compartments and shifts between extracellular and intracellular spaces [28] , and may be independent of body weight. In previous studies, post-hydration weight was measured up to one week following the illness episode. However, this approach has limitations since serial weight measurements are both difficult to obtain and may not yield 'healthy' weights in the time they are measured. For example, Gorelick et al. reported on the reliability of clinical signs in 186 children but only 77 had stable reliable 'healthy' weights measured following enrollment [5] . Findings based on data from these 77 patients were then extrapolated to the entire group of 186 children [5] . Friedman et al. and Gravel et al. also based the development of the CDS on the serial measurements of 'healthy weights'. However, pre-and post-hydration weights were only available from 102 of 141 (74%) children enrolled in the study by Friedman et al. [8] , and 83% were available in the study by Gravel et al. [10] . Finally, Teach et al. continued to observe a further decline in the 'healthy' weights in 12.5% of follow-up patients who were re-examined between 24 hours and 7 days post-treatment [26] . Our own data shows a further decline in weight at time of discharge in 23% of patients. Clearly, the reliability of using serial weights to validate the severity of dehydration in children has limitations. It is for this reason that we believe employing the use of a hydrated cohort as a comparison group is a more reliable method of assessing markers of dehydration. However, it is debatable whether or not a CDS of 2 or more is better than the subjective rating of dehydration.
The current study has several limitations, including the difference in age between the dehydrated group and the comparison group. This may have influenced the difference in serum creatinine concentrations seen between the two groups, although we corrected for this by using the Schwartz formula to estimate eGFR per body surface area. Heart rate may also differ by age. Additionally, we recruited a relatively small number of patients with severe gastroenteritis. Study inclusion criteria and early parental intervention for sick children may have played a role in recruiting these patients. Also, we did not formally assess the inter-and intraobserver error for the CDS score. The use of early oral antiemetic medication (eg. odansetron) has reduced the amount of intravenous rehydration and thus decreased the number of patients eligible for recruitment into the dehydration group [29] . Furthermore, we only had post-hydration weights for 60% of patients. We also included some patients with a CDS of zero which should be considered "not dehydrated". The high urinary osmolality in the comparison group might suggest that these patients were in fact not well hydrated, even though their clinical CDS was zero. Importantly, the CDS scoring system was developed for children <5 years of age and our reference group was older. The CDS score has not been validated in older children.
